Abstract: Bi-space shift keying (BiSSK) can increase the spectral efficiency of space shift keying (SSK) but requiring a large number of available transmit antennas. A new SSK-based modulation scheme is proposed which requires a smaller number of transmit antennas than what required in BiSSK to deliver the same transmission rate at a negligible performance loss. The proposed scheme is obtained by multiplexing two in-phase and quadrature generalized SSK (GSSK) streams and optimizing the carrier signals transmitted by the activated antennas. Performance of the proposed scheme is compared with other SSK-based schemes via minimum Euclidean distance analysis and computer simulation. 
Introduction
In a MIMO system, when data is simultaneously transmitted on the same frequency band from multiple transmit antennas, inter-channel interference (ICI) exits. To completely eliminate ICI, [1] proposed a technique, called spatial modulation (SM), in which only one antenna is activated at any transmission time. With this strategy, the antenna index also involves in the process of sending data to the receiver. To further reduce the decoding complexity, amplitude/phase modulation symbols are removed and data is solely conveyed by antenna indices. This method is referred to as SSK [2] . Although having very low decoding complexity, the drawback of SSK is low spectral efficiency. There are many recent studies on increasing the spectral efficiency of SSK. For example, the generalized SSK (GSSK) [3] activates more than one antenna to yield a larger number of codewords. The spectral efficiency of GSSK is blog 2 ð N t n t Þc bits/sec/Hz, where N t is the number of available transmit antennas while n t is the number of activated antennas. BiSSK [4] is another scheme that doubles the rate of SSK by multiplexing two orthogonal channels: in-phase and quadrature channels. The transmission on each channel is determined by the SSK rule. Recently, another scheme that also uses the multiplexing technique to enhance the spectral efficiency is layered-SSK (LSSK) [5] . In LSSK, the layers are determined by the SSK rule and multiplexing is performed by adding/dropping active antennas.
The new scheme proposed in this paper, termed bi-generalized SSK (BiGSSK), employs GSKK rule for each in-phase/quadrature data stream. As such, BiGSSK has the same advantage of low detection complexity as with SSK, while doubling the transmission rate of GSSK. By optimizing the signals transmitted over activated antennas, it is shown that such spectral efficiency advantage of BiGSSK is compromised only by a negligible performance loss. Numerical results and performance comparison with GSSK, BiSSK, LSSK demonstrate the efficiency of the proposed BiGSSK.
System model and performance analysis
The baseband input/output signal model for a N t Â N r MIMO system operating over a frequency-flat block fading channel and employing SSK-based modulation is
Here x is a N t Â 1 transmit symbol vector comprising of nonzero elements (corresponding to activated antennas) and zero elements (corresponding to idle antennas). The transmit symbol vector x is drawn with equal probabilities from a codebook A and Efkxk 2 g ¼ 1. The N r Â 1 vector y is the receive signal vector, while n is N r Â 1 noise vector whose entries are i.i.d CNð0; N 0 Þ random variables. The N r Â N t matrix H is the channel matrix, whose entries are i.i.d CNð0; 1Þ random variables, i.e., the channels are flat Rayleigh fading. The constant E s is the average transmitted energy per each symbol vector. Given the signal model in (1), the ML detection of the transmitted vector x is:
where κ is the total number of codewords, Pðx i ! x j Þ is the pairwise error probability (PEP) of deciding on x j given that x i was transmitted, and N i;j is the number of bits in error when choosing x j over x i . Conditioned on H, the PEP is
where the Q-function is defined as QðxÞ ¼ R 1
dt and n is a Gaussian random variable with zero mean and variance
2 n obeys a Chi-squared distribution with 2N r degrees of freedom, whose pdf is given by [6] 
, where ÀðÁÞ is the Gamma function. The unconditioned PEP is hence obtained as
which has a closed-form expression as [7] :
. Substituting (6) into (3) give an upper bound of P[bit error] for a SSK-based modulation scheme. It should be pointed out that, although the preceding analysis is presented for a MIMO frequency-flat fading channel, it can be readily extended to frequency-selective and/or time-selective fading scenarios. This is because the input/output models for these channels have the same form as in (1) [8] and the PEP analysis is based on ideal channel estimation.
To gain a better understanding of the error performance of a SSK-based modulation scheme, examine the following looser upper bound [9] :
where a ¼ 4 N r =2. The above expression clearly indicates that the error probability depends on the Euclidean distances among possible transmit symbol vectors. In the special case that each transmit symbol vector contains only 1 and 0 (e.g. in SSK or GSSK), the Euclidean distances are the same as the Hamming distances.
Proposed Bi-generalized space shift keying
The analysis in the previous section shows that the performance of a SSK-based modulation scheme depends on the Euclidean distance between any two codewords (i.e., two transmit symbol vectors). As discussed before, the BiSSK scheme multiplexes one real number (þ1) and one imaginary number (þj) based on two input bits where the indices of the active antennas carrying those real and imaginary numbers are determined by the SSK rule. Different from BiSSK, in order to improve the spectral efficiency, the proposed BiGSSK multiplexes multiple real and imaginary numbers based on a group of > 2 information bits. Specifically, =2 bits select a subset of antennas to carry real numbers, while the other =2 bits select a subset of antennas to carry imaginary numbers. The selection of antenna subsets for either real or imaginary numbers follows the GSSK rule. To illustrate the proposed scheme, Table I -(a) describes a partial codebook for the BiGSSK scheme with N t ¼ 5 and n t ¼ 2. This means that there are ð Since the performance of a SSK-based scheme depends on the minimum distance between any two codewords, an improvement shall be made to the codebook in Table I -(a) to increase its minimum Euclidean distance. To this end, observe that the nonzero elements in Table I -(a), namely ð1 þ jÞ=2, 1/2 and j=2, are resulted directly by multiplexing two in-phase/quadrature GSSK data streams. However, from the perspective of diverting total codeword energy over transmit antennas, these are simply three different complex numbers showing how energies Table I . Examples of codebooks in the proposed BiGSSK scheme.
(a) Partial codebook in BiGSSK with s 1 ¼ 000, N t ¼ 5.
The symbol vector x 000,000 ½1 þ j; 1 þ j; 0; 0; 0 T =2 000,001 ½1 þ j; 1; j; 0; 0 T =2 000,010 ½1 þ j; 1; 0; j; 0 T =2 000,011 ½1 þ j; 1; 0; 0; j T =2 000,100 ½1; 1 þ j; j; 0; 0 T =2 000,101 ½1; 1 þ j; 0; j; 0 T =2 000,110 ½1; 1 þ j; 0; 0; j T =2 000,111 ½1; 1; j; j; 0 T =2
(b) BiGSSK symbol mapping with N t ¼ 4.
Information bits s 1 , s 2 BiGSSK symbol vector x 00,00
are transmitted over different active antennas. Since the minimum distance of thedistances along with the transmission rates between BiGSSK and other SSK-based modulation schemes.
Numerical results
For all the BER simulation results versus the average SNR per bit per receive antenna (E b =N 0 ) presented in this section, N r ¼ 3 receive antennas are employed. The BERs of BiSSK and BiGSSK with different system settings are shown in Fig. 1-(a) . At fixed target transmission rates of 6, 8 and 10 bits/sec/Hz, BiGSSK shows a negligible performance loss (<0:5 dB) but requiring much smaller numbers of available transmit antennas as compared to BiSSK (e.g. for 10 bits/sec/Hz, BiGSSK requires 9 antennas while BiSSK needs 32 antennas). With similar numbers of transmit antennas, the transmission rate of BiGSSK(7,3) is higher, by 2 bits/sec/Hz (which is 33.33% higher), than that of BiSSK (8, 3) at the expense of 1 dB performance loss at the BER level of 10 À5 .
Comparison of LSSK(5,3) and BiGSSK(5,3) for the same number of transmit antennas are shown in Fig. 1-(b) . Both LSSK and BiGSSK schemes aim to enhance the transmission rate of SSK under a limited number of transmit antennas. As can be seen, although BiGSSK is inferior to LSSK by less than 0.5 dB, BiGSSK achieves a significantly higher transmission rate (more than 2 bits/sec/Hz, or 50% higher) than LSSK. The performance difference observed in Fig. 1-(b) can be roughly predicted from the minimum squared distances in Table II and the spectral efficiencies of BiGSSK ( ¼ 6 bits/sec/Hz) and LSSK ( ¼ 6 bits/sec/Hz) as follows. Since E s ¼ E b , the power loss of BiGSSK compared to LSSK is 10 log 10 6Â 2 3:16 4Â1 % À0:23 dB. This is reasonably close to −0.5 dB observed in Fig. 1-(b) .
Conclusion
A new SSK-based modulation scheme is proposed by multiplexing in-phase and quadrature GSSK streams and optimizing the signals transmitted over active antennas. Given the same number of transmit antennas, the proposed scheme doubles the transmission rate of GSSK and it achieves a higher transmission rate than BiSSK at a negligible performance loss. Viewed differently, at the same transmission rate, the proposed scheme employs a smaller number of transmit antennas, leading to a reduction in hardware cost. 
